Density functional theory-(DFT-) based ab initio calculations were used to investigate the surface-to-surface interaction and frictional behavior of two hydrogenated C(100) dimer surfaces. A monolayer of hydrogen atoms was applied to the fully relaxed C(100)2x1 surface having rows of C=C dimers with a bond length of 1.39Å. The obtained C(100)2x1-H surfaces (C-H bond length 1.15Å) were placed in a large vacuum space and translated toward each other. A cohesive state at a surface separation of 4.32Å that is stabilized by approximately 0.42 eV was observed. An increase in the charge separation in the surface dimer was calculated at this separation having a 0.04 e transfer from the hydrogen atom to the carbon atom. The Mayer bond orders were calculated for the C-C and C-H bonds and were found to be 0.962 and 0.947, respectively. C-H bonds did not change substantially from the fully separated state. A significant decrease in the electron density difference between the hydrogen atoms on opposite surfaces was seen and assigned to the effects of Pauli repulsion. The surfaces were translated relative to each other in the (100) plane, and the friction force was obtained as a function of slab spacing, which yielded a 0.157 coefficient of friction.
Introduction
Carbon-based surface films are now ubiquitous as frictional barriers that lower the wear rates of interacting bodies. They have found extensive use within the information storage industry as films for protecting both the hard disk surface and the sensitive read-write transducers from damage due friction during incremental and in some instances purposeful head-to-disk contact [1, 2] . Because of this industrial importance, a rich and extensive literature exists of both theoretical and experimental studies probing the fundamental properties of these complicated and diverse surface films [3, 4] . Within the range of these studies single crystal diamond surfaces have been extensively employed as models of the more important larger-scale industrial surfaces. Insight gained from these studies has helped the community understand surface energetic processes, including the recent manifestation of super lubricity of hydrogen-covered surfaces [5, 6] .
Carbon films deposited under energetic conditions assume complicated amorphous structures, which depend on the exact conditions of deposition. Specifically, the extent of surface wear protection has been attributed to film properties that can be tailored through the manipulation of deposition parameters, precursor materials, and postdeposition processing, the combination of which can result in films ranging from "diamond-like" to softer films. In most instances a highly dense, diamond-like film is sought [3] . One of the principal metrics used to predict this attribute is the amount of tetrahedrally bound carbon-to-carbon atoms contained within the film. This important metric is found to correlate to many important mechanical and electronic properties, including film hardness, density, and optical gap [7, 8] .
Recently high quality hydrogenated diamond surfaces have been proposed for use as cathode materials where their negative electron (NEA) affinity makes them a highly effective and robust material [9] [10] [11] . Previous ab initio theoretical studies have elucidated the NEA mechanism as due to the strong bonding of hydrogen to the surface C=C bonds on the reconstructed diamond surface [12, 13] . It is believed that these surface electronic states are also observed in the super 2 Advances in Tribology lubricious state between two hydrogen-covered diamond surfaces [6, 14] . The mechanism for the marked decrease in interfacial friction on hydrogenated carbon surfaces has been further elucidated with surface spectroscopy and tightbinding quantum mechanical methods [15] showing that the bonded hydrogen atom passivates the carbon dangling bonds at the surface, thereby decreasing the adhesive interaction between surfaces [16] . Fluorination of these surfaces has also been explored in an effort to further reduce the coefficient of friction (COF); in particular it was noted that the significant accumulated negative charge on the surface fluorine atom and its tight surface structure, due to strong lateral interactions, lead to a strong repulsive force between interacting surfaces (larger than when hydrogen terminated) [17] . This decrease in friction between interacting surfaces can have far ranging industrial and environmental importance [5, 18, 19] .
The frictional properties of diamond and other crystalline surfaces have been probed with both classical methods and ab initio-based calculations [6, 14, [20] [21] [22] . Typically, a slab model of the interacting surface is created that incorporates not only the crystalline features of the surface facet under investigation but also enough material bulk to accurately model the desired properties while remaining computationally tractable. Classical methods usually entail solving Newton's equations of motion under time-dependent conditions and allowing the use of very large material models that has been extensively and profitably applied to the hydrogenated diamond surfaces by Harrison and coworkers [20, 23] . The subject of this report is the application of density functional theory-(DFT-) based ab initio calculations to the interaction of hydrogenated C(100)2x1 surfaces by probing the electronic and bonding structure changes during the frictional interaction of these surfaces. The main thrust of this work will then be the movement of electronic charge during the surface-to-surface interaction and the nature of the commensurate repulsive state between the surfaces.
C(100)2x1-H Model and Computational Method
We start our discussion of the slab model used in this calculation by first considering the relaxed (100) surface of diamond, which contains unsaturated dimers with significant carboncarbon double bond character that has been successfully functionalized with a Diels-Adler reaction [24] . The C(100) surface is one of the high surface energy facets and is one of the growth faces of DLC surface films. Its cleavage energy is highest amongst the principal diamond surface planes, and its surface chemistry and interesting electronic structure are principal reasons for using it as the focus of our study [25, 26] .
As preparation for the study of surface-to-surface interactions we assembled a C(100)2x1 slab model of the diamond surface (before hydrogenation) and calculated its relaxed geometry and electronic states (model and results are not shown as this study is focused on the hydrogenated surface). This model contained eight layers of carbon atoms (not including the dimer) in a large vacuum space that was set at forty times the layer spacing to ensure minimal effects of slabto-slab interactions. DFT ab initio theory, as implemented in the DMOL code [27, 28] , was used to probe the electronic and geometric effects important in the interaction of surfaces. This implementation of density functional theory is a total electron calculation and does not use pseudopotentials or frozen electron cores. The three-dimensional cell structure was sampled using a 4 × 2 × 1 grid in the Monkhorst-Pack scheme (larger sampling was explored and found not to yield any important advantage). The local density approximation (LDA) of Perdew and Wang was used for the exchangecorrelation interaction to make the calculation tractable [29] . We should note that density functional theory does not treat van der Waals (vdW) interactions properly. In particular, the use of the LDA approximation for the exchange-correlation interaction (which assumes the exchange and correlation are a function of the electron density at the point of evaluation only) can lead to an overestimation of binding energies. Conversely, the generalized gradient approximation or GGA (which takes into account the gradient of the electron density at the point of evaluation) frequently underestimates the binding energy and leads to a shallow or flat adsorption profile [30, 31] . Recent efforts have been made to include dispersion forces within DFT [32, 33] . The results from these efforts generally yield an increase in the cohesive energy when compared to DFT with no correction. Since, the explicit inclusion of vdW forces increases the binding energy over the GGA result, the LDA will be used in this study because we are interested in relative changes with slab spacing and offset. A numerically derived basis was used and included polarization functions. The self-consistent field (SCF) calculations were considered converged when the largest deviation between cycles was less than 10 −6 Hartree. To improve SCF convergence, charge smearing was allowed for orbitals within 0.01 Ha of the Fermi level. Thegeometry was considered converged based on the iterative change in bond length, energy, and force gradient (5.0 × 10 −3Å , 2 × 10 −5 Ha, and 1 × 10 −2 Ha/Bohr, resp.). The carbon atoms in the bottom layer of this model were held fixed for all calculations while all other carbon atoms were allowed to relax. The results of this optimization clearly show the presence of the surface dimer structure with a calculated bond length of 1.39Å, which is approximately the length of the carbon-carbon bond in C 2 H 4 , and are in good agreement with previous ab initio calculations that explored this surface [13] .
The electronic structure of the hydrogen-covered C(100)2x1 surface has been previously explored by various authors who found that the monolayer covered surface is the most stable [13, 30] . To begin the exploration of the hydrogen interaction with the C(100)2x1 surface, the previously optimized dimer surface was saturated with hydrogen atoms and optimized as described previously. The obtained optimized (relaxed) surface is shown in Figure 1(a) , which highlights the interaction of the hydrogen atoms with the surface carbon atoms. The C-H and C-C bonds lengths of 1.15Å and 1.61Å are obtained after optimization; these lengths are similar to the bond lengths in ethane and previous calculations [13] . The electronic structure of this surface changes significantly from that observed on the clean surface. Whereas, the C(100) dimer surface density of states Advances in Tribology (DOS) contains recognizable , * , , and * states, the monohydride surface DOS (see Figure 1 (d), DOS obtained from the outer hydrogen and first two carbon atom layers) is well separated with a clear band gap of ∼3.3 eV (DFT is known to underestimate band gaps). The C-H bonding states can be readily identified in the DOS peaking in the −4 eV range measured from the valence band maximum (VBM) (see Figure 1 (d)) and are due to the interaction of the hydrogen 1s and the carbon 2p states. The conduction band is largely composed of states localized on the hydrogen layer. Maps of the difference in electron density (total density minus the density due to the separate atoms) enable the visualization of the concentration or removal of electron density and are presented in Figure 2 (a) as a slice through the surface carbon-hydrogen bonds parallel to the direction. An accumulation of electron density between the dimer carbon and hydrogen atoms defines the C-C and C-H bonds. The calculated Mayer bond orders, which are 0.962 and 0.942 for the two bonds, respectively, (see Table 1 ), further support this visualization and indicate the reduction in the bond character of the dimers [34] . The calculated Mulliken charge distribution places a 0.085 e positive charge on the surface hydrogen atoms and a −0.102 e charge on the carbon atoms in the dimer (see Table 1 ) [35] . This charge separation at the surface yields the well-known dipolar layer observed in other similar calculations and is the mechanism behind the NEA observed on this surface. The formation of the surface dipole moment is also thought to be an important contributor to the surface reactivity, conductivity, and wetting characteristics of this surface [36] . The lowest energy electronic orbital dominantly centered on the dimer is due to the C-C bond (see Figure 2 (d)). The highest occupied orbital dominantly centered on the C-H bond (shown in Figure 2 (e)) is obviously composed of hydrogen 1s and C 2p components and shows that this orbital overlaps neighboring hydrogen atoms.
Thus the hydrogen-saturated C(100)2x1 surface contains a surface dipole layer whose aliphatic nature is revealed in its electronic structure. The outlined changes in this surface electronic structure from one dominated by olefinic character, and its resultant facile chemistry, to a dominantly aliphatic surface, makes further surface chemistry difficult and contributes to the known stability of this surface.
Results and Discussion

Approach of the C(100)2x1-H Slabs.
To begin our study of the friction between two C(100)2x1-H surfaces, we have placed two of the previously described hydrogenated surfaces facing one another in a large vacuum space to minimize unwanted interactions. We have frozen the outer carbon layers in each slab and allowed all other layers, including the surface hydrogen atoms, to relax as the slabs are brought incrementally and commensurately closer together. Figure 1(b) illustrates the arrangement of the slabs and defines the distance between them as the distance between opposing dimer carbon atoms. The surface charge distribution of the widely spaced (noninteracting) slabs does not change from the single slab result (data not shown), supporting the lack of slab-to-slab interaction at these separation distances. The DOS of the slab was checked to further assure the robustness of our scheme (the utilization of large vacuum spaces). The change in total energy as the surfaces are brought incrementally together is shown in Figure 3(a) . No interaction of the surfaces is calculated until they are approximately 6.5Å apart where a net stabilization begins and increases in strength until approximately 4Å when the interaction becomes rapidly repulsive. The depth of the calculated stabilization at 4.32Å is 0.42 eV (total energy of the slabs at incrementally smaller separation minus total energy of separated slabs) and is significantly larger than previous calculations of this interaction [6, 14] . However, the work of adhesion, defined as the energy to separate the two surfaces divided by the cell area (in this instance ∼0.133 J/m 2 ), compares favorably with a previous AFM study using a hydrogen-covered diamond single crystal surface and a diamond-coated tip having approximately single atom at its apex (∼0.159 J/m 2 ) and a more recent study on C(111) and C(001) surfaces [37, 38] . Interestingly, studies of interacting hydrogenated diamond surfaces using widely divergent ab initio theories, most using super cell methods along with pseudopotentials, have found a similar weakly bound state [6] . In contrast, calculations using small molecules as models of the surface interaction along with Hartree-Fock methods yield only a strong repulsive barrier [39] . The divergence in these calculated results shows the need for an adequate slab size to correctly model this weak interaction.
Thus, the compression of the C(100)2x1-H surfaces (see Figure 1 (b)) results in a stabilized state at approximately 2.28Å (hydrogen atom-to-opposing hydrogen atom) separation (or 4.32Å carbon atom-to-opposing carbon atom in the dimers, see Figure 1 (b)) and thereafter a strong interlayer repulsion.
The surface geometry of the cohesive configuration (see Figure 1 (b)) changes little from the C(100)2x1-H surface. The C-H bond at 1.11Å has contracted by approximately 0.04Å from the free surface and correlates with the larger charge separation in the dimer in this configuration (vide infra) while the C-C bond length remains at its free slab value of 1.61Å as does the H-C-C angle 113.4
∘ . Interestingly, the angle between C-H bond pairs on opposite slab surfaces is approximately 9
∘ and signals the incipient effects of slabto-slab repulsion, especially on the C-H bond. Significant changes in the distribution of charge near the surface take place as the slabs have been incrementally brought into near contact. In this geometry, which is weakly cohesive, approximately 0.04 e (net +0.125 e) is transferred from the hydrogen atoms to the carbon atoms in the dimer (net −0.144 e), thereby increasing the charge separation and hence the surface dipole moment (see Table 1 ). The increased surface dipole has little effect on the peak due to the C-H states at approximately 4.5 eV below the VBM. The rest of the valence band (see Figure 1 (e)) also changes little from the VB of the separated state. In contrast, the shape of the conduction band changes to a distinct two-peak structure with the lower edge of the band at approximately 3.0 eV. It is dominantly composed of empty hydrogen 1s states (see Figure 1(e) ). The electron density difference maps shown in Figure 2 (b) portray an increase of density between the carbon atoms in the surface dimer and an increase centered on the hydrogen atoms, which is similar to the density map of the separated slab (see Figure 2(a) ). Increasing the range of the displayed density difference (see Figure 2(b) inset) , however, reveals a somewhat larger increase in density centered between the dimer carbons for the stabilized configuration and a slightly Advances in Tribology Figure 2 : (a) Electron density difference map through the C-H bonds in the dimer parallel to the -axis of the C(100)2x1 slab, black = (−10%) to (−5%), dark gray = (−5%) to (0%) density loss, light gray = (0%) to (5%), and white = (5%) to (10%) density gain, inset is the same map with −100% to +100% in four equal steps from density loss to gain as in part (a) and shows little density build up; however, some +25% ±25% density difference light gray areas are slightly visible between the carbon atoms in the dimer. (b) Electron density map through the C-H bonds on the upper and lower slabs dimers when at a separation with a net cohesive stabilization, electron density difference color scheme is the same as part (a); inset is map through the lower slab dimer C-H with color scheme as in inset to part (a), showing more electron density build up between the C-C atoms in the dimer than (a). (c) Electron density map through the C-H bonds on the upper and lower slab dimers at a separation having a net repulsive interaction, electron density difference color scheme is the same as part (a) black patches between opposing dimer hydrogen atoms, has negative electron density difference, and is assigned to Pauli repulsion at this separation; inset is map through the lower slab dimer C-H with color scheme as in inset to part (a), showing no electron density build up between the C-C atoms in the dimer. (d) Map of the highest occupied orbital centered on the dimer on the C(100)2x1-H surface through the C-H bonds and parallel to the -axis, darker colors are negative phase and lighter colors the positive; steps plotted are from −0.02 to −0.01, −0.01 to 0, 0 to 0.01, and 0.01 to 0.02 electron/Å 3 ; orbital is dominantly due to the C-C bond with highest values between the carbon atoms. (e) Map of the highest occupied orbital centered on the C-H on the C(100)2x1-H surface through the C-H bonds, color scheme is the same as in part (d); orbital is dominantly due to the C-H bond with some overlap between neighboring hydrogen atoms on different dimers. (f) Similar map of the highest occupied orbital centered on the dimers on the C(100)2x1-H surface-to-surface interaction at a separation having a net cohesive stabilization, orbital is dominantly due to the C-C bond that has changed little from part (d). (g) Similar map of the highest occupied orbital centered on the C-H when slabs have net cohesive stabilization; orbital is dominantly due to the C-H bond with no overlap between neighboring hydrogen atoms on different dimers. (h) Similar map of the highest occupied orbital centered on the dimer when the slabs are experiencing a repulsive interaction; orbital is dominantly due to the C-C bond now having high orbital values moved from between the carbon atoms to beneath and outside of the C-C bond. (i) Similar map of the highest occupied orbital centered on the C-H when the interacting slabs experience a net repulsion; orbital is dominantly due to the C-H bond now with some overlap between neighboring hydrogen atoms on different dimers.
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Advances in Tribology   Table 1 : The geometry, charges, and the Mayer bond order of the dimer, for the C(100)2x1-H surface, the C(100)2x1-H//C(100)2x1-H slabs interacting at a separation that is cohesive (net stabilized), and these slabs at a smaller repulsive separation. Figure 2 (g), appears to be at least qualitatively contracted so that it no longer overlaps at neighboring hydrogen atoms on different dimers. This may be due to the previously noted increase in net positive charge on the hydrogen atom in this geometry. The Mayer bond order of the dimer C-C bond is 0.962, which is the same as for the separated slab. The C-H bond order is 0.947, a slight increase from the separate slab. Thus, as the slabs incrementally approach one another, a shallow energy minimum is observed at 4.32Å, which has a surface geometry similar to that calculated on the separated slab but with a slightly contracted C-H bond and an approximately 9 ∘ angle between C-H bonds on opposite surfaces. An additional transfer of charge from the hydrogen atoms to the carbon atoms takes place in the dimer. An increase in electron density between the carbon atoms in the dimer is observed along with a more subtle increase at the hydrogen atoms (compared to C(100)2x1-H). The highest occupied electronic state centered on the C-H reveals a decrease in the interdimer overlap at neighboring hydrogen atoms on the same surface, which we assign to the increased positive charge at the hydrogen atom center contracting the spatial extent of the orbital at that site.
Further compression of the layers rapidly decreases the difference in total energy and becomes highly repulsive (see Figure 3(a) ). Figure 1(c) presents the geometry of a configuration along this repulsive end of the curve at an interslab distance of 3.24Å (between opposite dimer carbons) as an illustrative example. The dimer C-C bond length at 1.60Å has changed little; in contrast the C-H bond has further contracted to approximately 1.08Å. Perhaps more important than these bond length changes are the changes in the overall dimer geometry on the surface. Of these, the most dramatic is the large increase in the angle between the opposing C-H bonds (see Figure 1 (c) and Table 1 ) to approximately 34 ∘ and shows the effect on the C-H bond due to the compression of the surfaces. This dramatic effect has been previously discussed based on molecular dynamics (MD) calculations, where it was noted that at higher compression the opposing hydrogen atoms in the C-H bonds "revolve" around each other to minimize their contact [40] . A significant bending of the C-H bond in the dimer toward the slab surface (H-C-C angle increases to 116.7
∘ , see Figure 1 (c) and Table 1 ) takes place at this slab-to-slab separation. The Mulliken charges have changed little (see Table 1 ). In contrast, the Mayer bond orders for the dimer C-C and C-H bonds have significantly decreased to 0.945 and 0.933, respectively, and indicate the weakening of these surface bonds due to the repulsion under the compression of the surfaces. A change in the electron density difference is also observed at this geometry. The inset in Figure 2 (c) presents the difference map for this slab-to-slab spacing; it reveals no increase in density along the C-C bond thus supporting its lower bond order. Figure 2(c) shows the density difference, in a more sensitive range, where a large decrease in the electron density (black region) in the vacuum space approximately between the hydrogen atoms on opposite slab surfaces is observed. We assign this large decrease, which is not observed in either of the other geometries (compare Figures 2(a) and 2(b) ), to the effects of repulsion from the Pauli principle and must be centered on or near the hydrogen atoms of the dimer. The highest occupied surface state centered on the C-C dimer is shown in Figure 2 (h) where the effects of the bending of the C-H bond are especially evident. The displacement of high orbital values from the center of the C-C bond of the dimer to between the dimer carbon and the first carbon layer (compare Figures  2(d) and 2(f) ), decreases the electron density between these carbon atoms. This decrease in electronic density between the carbon atom centers weakens the dimer bond and thereby decreases its bond order. We note that due to the noted "bending" of the C-H bond toward the surface the overlap of similarly phased orbitals at neighboring hydrogen atoms in the highest occupied state centered on the C-H bond in this slab-to-slab geometry is increased when compared to the stabilized configuration (see Figure 2(i) ).
Thus, for slab-to-slab spacing smaller than ∼4.3Å a strong repulsion between the slabs is expected. The effect of the small spacing is to deform the geometry of the dimer by increasing the angle between pairs of upper and lower H-C bonds, indicating that the hydrogen atom pairs on opposite surfaces "revolve" around one another, while the C-H bond angle is bent toward the slab surface. These geometric changes are due to the effects of Pauli repulsion, which is clearly observed as a depleted electron density zone in the vacuum space between opposing hydrogen atom pairs, weakening the bonding within the dimer by removing electron density from the C-C and decreasing the C-C and C-H bonds strength.
Slab-to-Slab Atomistic Friction.
To investigate the changes of friction with sliding we have adopted the theory and procedure of Zhong and Tomãnek and have translated the slabs relative to each other in the (100) plane at different interslab spacing, while relaxing the entire structure (subject to the constraints previously discussed) at each step [41] . We assume the entire two-slab structure is at equilibrium at each step in its translation across the surface by noting that the range of relative motion is small. Figure 3(b) assembles the resulting family of interaction curves obtained by this procedure. Each curve in this figure was obtained at a fixed spacing and interfacial load. As a prelude to the analysis of these curves we explored many of them over a longer sliding distance to convince ourselves that they are indeed periodic (with period ∼2.5Å) and have no more structure than is shown in Figure 3(b) . Thus all curves were obtained over approximately the same relative range, which encompassed the maximum and minimum of the interaction curve and therefore represents the full range of the surface potential corrugation. In general, the curves pass through a maximum as the hydrogen atoms on opposing surfaces are aligned. The depth (energy maximum to minimum) of the curves increases with load and is reflective of the increasing Pauli repulsion as the slabs are brought closer together. Similarly, the decreasing value of the total energy, observed as an incremental offset in the energy as more load is applied, reflects this same repulsion mechanism. We will use the previously discussed high-energy state at 2.36 nN loading (Figure 3(b) ) to illustrate the effect of sliding on the geometry of the layers in the slab. Note that a significant relative stabilization is encountered as the slabs are slid from this position, at a fixed spacing, by approximately 1.2Å. Figure 3(c) gives the geometry of this configuration. In contrast to the fully aligned and highly destabilized geometry, the geometry of this state brings the surface hydrogen atoms on each slab into positions approximately half way between those on the opposite face. In this geometry the C-H bond lengthens to 1.10Å, and the H-C-C angle decreases to 114.1 ∘ . The net increase in stabilization is therefore highly correlated to the significant changes in this angle and must reflect the change in repulsion between the surfaces. It is well known that the net overlap of the hydrogen 1s orbital and the carbon sp3 hybrid orbital rapidly decreases as this angle increases, thus significant changes in the angle directly contribute to the calculated changes in total energy [42] . The electron density deformation maps of this geometry, shown in Figure 3(d) , support this view. In contrast to the repulsive electron density difference observed between hydrogen atoms in the aligned geometry, the offset of the C-H bonds and the hydrogen atoms on opposite faces decreases this effect and allows the small relaxation of the H-C-C angle toward the equilibrium geometry on the free C(100)2x1-H surface (113.4 ∘ ). In general, as the slabs are translated at fixed spacing, the noted and discussed interactions abate and then build with an approximate 2.5Å period due to the hydrogen-to-hydrogen spacing on the surface.
The frictional force acting on the sliding surface is obtained from Figure 3 (b) using Zhong's method [41] . Plotting this force versus the normal load we obtain a coefficient of friction of approximately 0.157 (see Figure 3(e) ). This value is in surprising agreement with an MD calculation using a bond order potential method [43] and with AFM measurements on similar surfaces [2, 39] , but is smaller than that obtained using large-scale MD simulations of Scanning Force Microscope (SFM) experiments that included an MD model of a spherical tip [44] . This range of agreement is understandable as friction at the level modeled here is velocity dependent; in contrast the present study is assumed at equilibrium at each incremental step of the opposing surfaces. Nonetheless, we note that the present results show that the friction force is linear over the load range studied, in contrast to force-field based results that are nonlinear albeit over a wider load range [20] . A residual friction force is obtained if the friction force versus load curve is extrapolated to zero in Figure 3 (e) [20, 39] . However, we cannot discount a nonlinear behavior in the friction force below the range of loads probed in this report.
Regarding the size of the present coefficient of friction and its relationship to previous results, it is clear that they are on the lower end. Perry and Harrison found ∼ 0.2; though they probed a larger load range [40] , and the results of an effort using DFT with pseudopotentials, plane waves, and GGA did not reveal the presence of an energy minimum at any slab-to-slab spacing. Additionally, their calculated value of ∼ 0.05 was noted as "too low" [6] . Another study that used small discrete models for the hydrogenated surface along with a Hartree-Fock method and the split valence basis sets found no energy minimum as the two-slab models approached, and the authors obtained a friction coefficient of ∼ 0.22 with apparently no residual friction force at zero load [39] .
Regarding the residual friction force at zero load, popular models of adhesive microscopic friction, the JKR and DMT for example, that are routinely applied to AFM-based friction measurements each exhibit a nonzero contact area at zero load and a minimum normal load which exhibits nonzero contact [45] . Each of these nanoscale contact formulations include attractive forces (JKR short-range adhesion and DMT longer-range surface force) that are missing in the hard-wall repulsion used to derive Hertz's model. It is believed that similar adhesive forces are the source of the nonzero friction at zero load.
Conclusions
DFT calculations using the LDA formalism reveal a cohesive state between two C(100)2x1 surfaces passivated with a monolayer of hydrogen (at a spacing of 4.32Å). This state is characterized by strong charge transfer from the surface hydrogen atoms to the first layer of carbon atoms in the slab and a relative strengthening of the surface C-C of the dimer. No change in the H-C-C bond angle is observed due to the lack of repulsion at this slab-to-slab spacing. No significant change in the highest occupied orbital centered on the C-H bond is observed. In fact, this state appears as the superposition of the same states on the single C(100)2x1-H surface and indicates that no direct surface-to-surface chemical bonding interaction takes place. In contrast, the repulsive interaction of the two slabs at spacing smaller than the cohesive state is characterized by significant changes in the dimer geometry that can be assigned to the influence of repulsion at this close proximity. Visualization of the effect of repulsion on the electron density is facilitated using electron density difference maps that specifically show a large decrease in density between the hydrogen atoms on opposite surfaces. Slabs set at increasingly close proximity were translated in the (100) plane with the total energy going through maxima and minima when surface hydrogen atoms are directed toward each other and between the opposing C-H bonds, respectively. No bond breaking was observed as a consequence of these movements. The coefficient of friction ( ∼ 0.157) was obtained from the relationship of the calculated friction force to applied load and was found to be linear with a residual force at zero load. This residual force is assigned to the discussed cohesive state between C(100)2x1-H slabs and is consistent with pertinent theories (JKR and DMT) of nanoscale contact and friction.
Magnetic recording technology uses a rapidly evolving set of materials to obtain greater information density on the surface of the storage disk. Amongst the most important of these materials is the carbon overcoat on the storage medium. This nanothick film protects the recorded information from environmental and mechanical degradation. Significant effort is now focused on the further densification of this surface film especially in light of the near term adoption of heat-assisted magnetic recording needed to further extend this recording technology [46] . The current study has been made as a tractable approximation to these advanced films. The C(100) surface is one of the principal growth surfaces of these COC films allowing the transferability of the principal learning from this study. The deposition of the COC takes place within a vacuum space that is likely to have a significant partial pressure of hydrogen, therefore, as these films grow under energetic conditions hydrogen is likely to saturate the surface of the finished film. Further, the C(100) is expected to be enriched at the surface and thus becomes hydrogenated. Due to the inverted dipole moment at the surface (positive end out) caused by the passivation of the dangling bonds by hydrogen and their concomitant rearrangement on the surface, a large decrease in the wetting of the surface by the widely used disk surface perfluorolubricant is anticipated [47] . This change will make it more difficult to stabilize the lubricant on the surface and keep it at the thickness required. Friction at the interface between the media COC and the read-write transducer is due to an adhesion component (modeled here) and the applied load (and obviously contains a shear component not considered in this study) [2] . There has been a large reduction in the surface roughness of each of these interacting bodies as this recording technology has progressed (now approaching near atomic smoothness ∼1-3Å average roughness). Thus, a model of asperity contact may no longer be a fully accurate model of this frictional interaction. The interaction of these surfaces at the loads used in this study do not cause damage to the surface and reinforces the fundamental role that hydrogenation plays in this result: keeping the surfaces apart at high applied loads and passivating the dimer bonds on the reconstructed diamond surface with a reasonably inert layer.
